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ABSTRACT

Responsesof tropicalatmosphereto low-boundaryforcingareinvestigatedin a2-D

cumulusensemblemodel(CEM)with animposedwarm-poolandcold-poolSSTcontrast

(SSST).The domain-mean vertical motion is constrained to produce heat sink and moisture

source as in the observed tropical climate. In a series of experiments, the warm pool SST is

specified at different values while the cold pool SST is specified at 26°C. The strength of the

circulation increases with increasing _SSST until _SSST reaches 3.5 °C, and remains unchanged as

6SST exceeds 3.5°C. The regulation oftropicaI convection by zonal SST gradient is constrained

by the radiative cooling over the cold pool. For 8SST < 3.5°C, an enhanced subsidence warming

is balanced by a reduced condensation heating over the cold pool. For 8SST > 3.5°C, the

subsidence regime expands over the entire cold pool where no condensation heating exist so that

a further enhanced subsidence warming can no longer be sustained.

The above regulation mechanism is also evident in the change of energy at the top of the

atmosphere (TOA) that is dominated by cloud and water vapor greenhouse effect (CLWand

Gclear). The change in shortwave radiation at TOA is largely canceled between the warm pool and

cold pool, likely due to the same imposed vertical motion in our experiments. For _iSST<3.5°C,

an increase of _SST is associated with a large increase in CLWdue to increased total clouds in

response to enhanced SST-induced circulation. For 6SST>3.5°C, clouds over the warm pool

decrease with increasing SST, and the change in CLWis much smaller. In both dSST regimes, the

change in CLW is larger than the change in Gcle_ which is slightly negative. However, in the case

of uniform warming (_iSST=0), AGclear is positive, - 5 Wm 2 per degree change of SST.



1. INTRODUCITON

Interactionof cloudandwatervaporwith radiationandlarge-scaledynamicsplayamajor

role in theregulationof seasurfacetemperatureandtropicalclimate.A betterunderstandingand

representationof theseprocessesin climatemodelshavebeenamajorfocusin climateresearch.

Recentlycumulusensemblemodels(CEM)havebeenusedfor suchaclimatestudybecauseof

theexplicit treatmentof convective-radiativeprocessesin CEMsthanin climatemodels.Among

someof thesestudies,Heldet al. (1993)studiedtheradiative-convectiveequilibriumin aCEM

underdifferentlarge-scaleconstraints.Suiet al. (1994)analyzedthetropicalequilibriumwater

andheatbudgetsin aCEM.Theyshowedarealisticmodelwatercycle,andidentified

evaporationof cloudsasimportantmoisturesourcein themiddleanduppertroposphere,a

processcentralto thecloudandwatervaporfeedbackproblem(e.g.Betts1990,SunandLindzen

1993,Lindenetal.2000).Grabowskietal. (1996)performedasimilarstudyusingadifferent

CEM.Theequilibriumstateof theirmodelis differentfromthatof Suiet al. (1994)despite

similarexperimentaldesigns.ThecausesarediscussedinTaoetal (1999)andXu andRandall

(1999).

CEMshavealsobeenusedto studyclimatefeedbackissues.Lauetel. (1993)appliedthe

sameCEM asusedin Suietal (1994)to studytheconvective-radiativeequilibriumof themodel

to severalperturbedclimateconditionsin thetropics.Theirmodelresponseto asurfacewarming

is consistentwith thosefrom generalcirculationmodels(GCM).Suiet al (1993)andLauet al.

(1994)appliedtheCEMresultsto explainobservationalanalysisby RamanathanandCollins

(1991).Theyfoundthatthechangein cloudradiativeforcinginducedby localsurfacewarming

in themodelis oneordermagnitudesmallerthanthoseinducedby changesin large-scale

circulation.Theyarguedthatbothlocalprocessesandlarge-scaledynamicsneedto be
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consideredin studyingcloudfeedbacks.TompkinsandCraig(1998)usedathree-dimensional

CEMto studyradiativeconvectiveequilibrium.

An obviouslimitationof CEM studiesby Suietal (1993)andLauet al (1993,1994)in the

studyof cloud/watervaporresponsesto surfaceSSTchangesis thelackof large-scalefeedback

betweenthetropicalconvectiveregimeandthesurroundingsubsidenceregime.Onimportant

aspectof thelarge-scalefeedbacksbetweenthetwo regimesis thecontributionof radiative

coolingin thebroadsubsidenceregimeto thenetwatervaporfeedbackeffectasemphasizedby

Lindzen(1990)in theglobalwanningscenario.Theclear-skywatervaporgreenhouseeffectis

alsodiscussedby Pierrehumbert(1995)whoregardswatervaporandconvectionoverthe

tropicalwarmpoolasfurnace,andradiativecoolingin thesubsidenceregionasafin. The

radiatorfin regulatestropicalseasurfacetemperatureandkeepsthetropicalclimatefrom falling

into arunawaygreenhousestate.

In this study,weextendourpreviousmodelingworksby addingasubsidenceclimate

regimeto theascendingclimateregimebyan imposedSSTdistributionin theCEM.Ourfocusis

to examinetheperturbedclimatein responseto SSTchangesthatinducenotonly localchanges

in thedeepconvectiveregimeandthesubsidenceregimebutalsoremotechangesthrough

interactionsbetweenthetworegimes.Themodelandexperimentdesignsarediscussedin

section2. Theequilibriumsolutionof acontrolexperimentisdiscussedin section3. The

perturbedequilibriumsolutiondueto increasedbasin-scaleSSTgradientis discussedin section

4. TherelationshipbetweenwatervaporandcloudradiativeforcingandSSTchangesis

discussedin section5. Theconclusionis summarizedin section6.



2. MODEL AND NUMERICAL EXPERIMENTS

TheCEMusedin thisstudyis developedatGoddardSpaceFlightCenterasdescribedin

TaoandSimpson(1993).Themodelconsistsof nonhydrostaticandanelasticsetof equationsfor

potentialtemperature,watervapormixingratio,winds,andfive cloudspeciesasexpressedas0,

qv,u,v, w, andqci,respectively.The2-Dversionof themodelusedby Suietal. (1994)with

modifiedtreatmentsof solarradiativeandcloudmicrophysicalprocessesis usedhere.The

modifiedmodelis shownby Li et al. (1999)to producebettersimulationsin responseto the

imposedlarge-scaleforcingasevaluatedagainstTOGACOAREobservations.

An important model design in the current study is to introduce a heat sink and moisture

source as observed in the current tropical climate. This is achieved by imposing a time- and

horizontal-independent vertical profile of upward motion in the model, as indicated by the

following thermodynamic equations

OA _V,_r,A, 1 _z _OA' ,aA.w_ W aXat Fw'A'- W- z - az (1)_= w Oz +SA+D^ -

where A=(0, qv), A = A+A', A denotes the domain mean variable, and domain mean zonal wind

is assumed 0. The imposed upward motion gives rise to a moisture source and a heat sink (the

last term in the above equation). The same profile of mean upward motion is imposed in all

experiments. Other model equations consist of conservation equations for five cloud species and

perturbation momentum equations. See Li et al. (1999) for more details.

Experiments are performed in an ocean domain of 5120 km along the equator with an

idealized SST distributions of a warm pool about 1588 krn wide in the center and a cold pool on

both sides. Three experiments are performed with the warm pool SST specified at 28.5°C,

29.5°C, and 30.5°C respectively, and the cold pool SST at 26°C. These three experiments are



denotedasR,R1,and R2 as listed in Table 1. These three experiments are designed to study the

effect of radiation-dynamic interaction in the cold pool on tropical climate (section 4). A fourth

experiment, W, is performed by specifying the warm pool and cold pool SST at values of 1°C

higher than the corresponding SSTs of Experiment R. This experiment together with other

experiments are designed to examine the water vapor and cloud feedback mechanisms (section

5).

Table 1.

Warm pool SST Cold pool SST
R2 30.5 26

R1 29.5 26

R 28.5 26

W 29.5 27

Integration starts from an atmosphere at rest with zonally uniform temperature and

moisture obtained from the observed mean values over the western Pacific. No cloud is present

initially. All experiments are integrated for 50-70 days to reach equilibrium.

3. EQUILIBRIUM SOLUTION OF EXPERIMENT R1

Figure 1 shows the temporal evolution of vertically averaged temperature and moisture

over the warm pool and cool pool, respectively, for the control experiment (R1). The model

reaches an equilibrium state in about 15 days. The equilibrium solution is characterized by a

moist state over the warm pool, a dry state over the cold pool, and almost the same mean

temperature in the two regimes. The equilibrium state is a result of the "Walker" type circulation

induced by SST gradient so air ascends over the warm pool and descends over the cold pool as

revealed by the mean vertical motion over the two regimes for the period of Day 40 to Day 50

(Fig. 2). The figure shows that the mean upward motion over the warm pool is about one order

magnitude larger than the mean downward motion over the cold pool. Figure 2 also shows a



weakupwardmotionnear200mb over the cold pool due to the existence of ice clouds as

discussed below. The vertical motion over the warm pool is maintained by latent heat released by

deep convection as revealed by the mean rainfall over the warm pool shown in Fig. 1. On the

other hand, rainfall is absent over the cold pool due to the existence of downward motion. The

temperature distribution (not shown) show that the largest difference in lapse rates between

warm pool and cold pool is in the lower troposphere where the cold pool is stable while the

warm pool is unstable. The stability effectively prevents the development of convection in the

cold pool.

The model heat and moisture budgets are shown in Fig. 3. The heat budget in the warm

pool (Fig. 3a) shows the well known fact that condensation heating and advective cooling are

dominant in the heat budget. However, because the two almost cancel each other, their residual is

in near balance with radiation. The radiative heating (cooling) in the middle (upper) troposphere

reflects the effect of high clouds. In contrast to the warm pool budget, the heat budget in the cold

pool (Fig. 3b) is balanced between radiative cooling and advective warming in the whole

troposphere except near 200 mb where the two terms reverse signs due to the presence of ice

clouds. The presence of ice clouds also contributes to evaporative cooling near 500 mb as

discussed below. The heat budget indicates that while deep convection is a dominant process in

the warm pool, radiative process is crucial in maintaining the heat balance in the cold pool.

Because the heat balance determines the subsidence in the cold pool that in turn affects the

ascending motion in the warm pool, the radiative cooling plays an important role in maintaining

the equilibrium.

Sources of water vapor over the cold pool include evaporation from the sea surface, and of

clouds advected from the surrounding regions. In the current experiment (R1), the moisture



budgetin thecoldpool isshownin Fig.3c.Thefigureshowsamoisteningpeaknear250-400

mbbyadvection,amoisteningpeakby evaporationnear550mb,andadryingpeaknear200mb

by condensation.Thesepeaksarebalancedby verticaleddyflux convergence.Themostlikely

explanationfor thesesourcesandsinksis thatwatervaporbeingadvectedfrom thewarmpool to

thecoldpool in theuppertroposphere(above450mb)wheretheyformicecloudsandbeing

maintainedby unstabletemperaturestratificationdueto cloud-radiativeeffect.Theprecipitation

in iceclouds(snowandgraupel)fallsandevaporatesnear550mb. Theaboveexplanationis

supportedby thefieldsof cloud,watervaporanomalies,andzonalwind atday40showninFig.

4. Thesefiguresshowtheexistenceof deepconvectionoverthewarmpoolin thecentraldomain

(Fig.4a)thatis associatedwith extensiveupper-levelmoistureanomalies(Fig.4b)dueto the

upper-leveldivergentandlow-levelconvergentcirculation(Fig. 4c).Theupper-levelmoistureis

thesourcefor icecloudsextendingoutwardfrom warmpool to coldpoolwheretheiceclouds

disappearedaround550mb.This is thesamelevelwhereevaporationappearsin thewatervapor

budget(Fig. 3c).Thespatialstructureof upper-leveliceclouds,watervapor,andzonalwind

windsabove300mboverthecoldpool showstheexistenceof convectiveupdrattsand

downdrafis,indicatingastrongradiative-convectiveinteraction.This is consistentwith the

radiativeheatingdistributionin theuppertropospherein Fig.3b.

4. PERTURBEDEQUILIBRIUM SOLUTION

Wenowexaminethechangeof equilibriumsolutionto perturbedSSTcontrastin

experimentR, R1,andR2 thatarespecifiedat2.5°C,3.5°Cand4.5°C,respectively.Wefirst

showin Fig. 5athedifferenceof ensemblemeantemperature,specifichumidity,andvertical

velocityin thetworegimesbetweenR1andR. Theresultsindicatethatthemeanvertical

motionbecomesmoreupward(downward)in thewarm(cold)pool astheSSTgradientincreases
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from 2.5°Cto 3.5°C.This leadsto amorehumidatmospherein thewarmpoolandadrier

atmosphere(excepttheboundarylayeranduppertropospherenear300mb) in thecoldpool.

Figure5afurthershowsthatequilibriumair temperaturein bothregimesbecomeswarmer.The

warmingisaresultof destabilization(stabilization)overthewarm(cold)poolbyenhanced

upward(downward)motionthat leads to more condensational heating over the warm pool and

more subsidence warming and less condensational heating over the cold pool (Fig. 6a). Note that

that the change in radiative heating over the cold pool is small.

As the SST gradient increases from 3.5°C to 4.5°C from R1 and R2, the mean vertical

motion remains almost unchanged while the temperature and humidity changes similarly as those

from R to R1 except with weaker amplitudes (Fig. 5b). The nearly identical vertical motion

between R2 and R1 can be explained by the difference heat budgets in the cold pool region for

R1-R and R2-R1 shown in Fig. 6. The figure shows that radiative cooling in the cold pool

between R and R1, and between R2 and R1 are quite small, indicating it remains almost the same

in all three experiments. As a result, the difference heat budget for R1-R is balanced between a

reduced condensation heating and increased subsidence warming. In fact, the existence of latent

heating in the cold pool only occurs in the Experiment R as SST gradient is weak (2.5°C), not in

the Experiment R1 and R2 due to the expansion of subsidence over the entire cold pool (figure

not shown). Thus subsidence warming do not change significantly from R1 to R2 because of the

absence of latent heating and the insensitivity of radiative cooling in the three experiments. In the

absence of clouds in the cold pool, therefore, radiative cooling effectively regulates subsidence

motion that in turn determines the ascending motion in the warm pool in the current experiments.



5. WATERVAPORAND CLOUDFEEDBACKSTO SSTCHANGES

In thissection,we investigatetheeffectof water vapor and clouds on energy flux at top of

the atmosphere (TOA) and surface corresponding to SST changes. First, we examine the time

and domain averaged energy fluxes at TOA, NTOA, and surface, NsFc, and the energy transport

out of the tropics, FAH, as defined by

NTOA = SW - LW,

NsFc = SW - LW - HE- Hs,

FAH = NSFC -- NTOA

(2)

(3)

(4)

In the above expressions, SW and LW denote net downward shortwave and net upward

longwave radiation, HE and Hs denote latent heat and sensible heat fluxes. The time and domain

averaged NTOA, NSFC, and FAH of the model tropical climate from Experiment R is 92 Wrn -2, 33.9

Wm 2, and -58.1 Wm "2, respectively as shown in Table 2. These averaged energy are comparable

to current tropical climate values.

Table 2 Time and domain averaged energy fluxes at TOA and surface (Wm -2)

NTOA NsFc FAH

R 92.0 33.9 -58.1

R1-R 4.5 -8.2 -12.7

R2-R1 -0.6 -13.5 -12.9

W-R 2.9 -5.1 -8.0

Table 2 also shows the differences OfNToA, Nsrc, and FArt between different experiments.

First we note that the difference of energy transport out of the tropics (AFAH) corresponding to

R1-R and R2-R1 are larger compared with that for W-R. Because the domain-mean circulation
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andincomingsolarradiationarekeptthesamein all experiments,AFAHareresultedmostlyfrom

enhancedlatentheatfluxesoverthewarmpooldueto increasedSSTgradientbetweenwarm

poolandcoldpool.Nextwenotethatchangesof thesurfaceenergybalancesANsFcis generally

largerthanANToA.However,sinceANsFcis largelyaffectedbytheprescribedSST,whereas

ANToAis foundto bedominatedby thechangesin LW dueto watervaporandcloudgreenhouse

effects.Weshallfocusonthewatervaporandcloudfeedbacksbelowbasedonthechangeof

energyflux atTOA.

To discussthechangeof netenergyflux atTOA betweendifferentexperiments,ANToAcan

beexpressedby

ANToA = ASW -/_kLW = ASW - A((_T 4) q- AGelear + ACLW (5)

where Gclear = t_T4-LWcl_ denotes atmospheric greenhouse effect, and CLW= LWeI_-LW is

defined as longwave cloud forcing. Note that Gcl_ + CLW= aT4-LW is the total greenhouse

effect by water vapor and cloud. The energy fluxes at TOA for Experiment R and the differences

from other experiments are listed in Table 3. Subject to an increased surface emission, A(t_T 4)

from R to R1 (1.9 Wm'2), R1 to R2 (2 Win'2), and R to W (6.2 Wm'2), the corresponding values

of ASW averaged over the whole domain are smaller than the values of ALW (Table 3). Note

that the values of ASW averaged over the warm pool and cold pool separately are actually quite

large but of opposite signs (Table 4). From R to W, SST is tmiformly higher by I°C, and both

Gel_ and CLWincrease by about 5 Wm "2, indicating an equally important greenhouse warming by

water vapor and clouds. On the other hand, negative values of AGcl_ corresponding to R1-R and

R2-R1 reveal a strong cooling by outgoing LWeI_ at TOA (not shown) due to the change in

water vapor distribution as shown in Fig. 5. These negative water vapor greenhouse effect are all

weaker than the greenhouse warming by clouds as shown by ACLw in Table 3. Table 3 further
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showsthat,in termsof theratiobetweentotalgreenhouseeffectandsurfaceemission,

(AGcle_+ACLW)/A(cT4),totalgreenhouseeffectincreasesmoreefficientlyfrom Rto R1(5.7Wm"

2vs.1.9Wm-2)thanfromR1 to R2 (0.8Wm-2vs.2.0Wrn'2).Similarly,thechangefromR to R1

is moreefficientthanthechangefromR to W (9.8Wm2 vs.6.2Wm2).But thechangefrom R1

to R2 is lessefficientthanthechangefromR to W. This indicatesthatthechangeof watervapor

andcloudgreenhouseeffectsto surfacewarmingvariessignificantlywith internaldynamic

responsewhich isregulatedbytheradiativecoolingin thecloud-freesubsidenceregime.

Table3 Energyfluxesat TOA andgreenhouseeffectaveragedoverthewholedomain(Wm2)

Exp. SW LW LWcle_ oT4 G¢l_ CLw

R 303.6 211.6 302.9 458.9 156.0 91.3

R1-R 0.7 -3.8 4.1 1.9 -2.2 7.9

_-R1 0.7 1.2 2.7 2.0 -0.7 1.5

W-R -0.7 -3.6 1.4 6.2 4.8 5.0

Table4 EnergyfluxesatTOA averagedoverthewarmpoolandcoldpool (Wm-2)

Warm Pool Cold Pool

SW LW SW LW

R 238.5 155.5 333.2 237.1

R1-R -14.6 -1.7 7.6 -4.7

R2-R1 5.9 4.4 -1.6 -0.2

W-R -11.1 -1.3 4.0 -4.6
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Cloudsplay an important role in the above resuks. Table 5 shows fractional areas of

raining clouds of convective type (AcR) and stratiform type (AsR), and of non-raining clouds

(ANR) over warm pool and cold pool for different experiments (see Sui et al. 1994 for definition

of various cloud type in the model). From R to R1, active clouds (AcR and AsR) increase by 5.6%

and passive clouds (A_R) decrease by 1.9% over the warm pool. The opposite occurs over the

cold pool where ACR and ASR decrease by 3.8 % and A_R increases by 6.5 %. This is a response

to the increasing strength of circulation as discussed in the previous section (Fig. 5). Associated

with these cloud changes from R to R1, the LW over the cold pool decreases by 4.7 Wm "2 (Table

4), likely due to the increased optically thin cirrus cloud (AANR--6.5%) and the upper

tropospheric humidity (see Fig. 5). On the other hand, the SW heating increases by 7.6 Wm -2,

due to the reduced amount of raining clouds (AAcR+/_SR = -3.8 %) with high reflective. Over

the warm pool, SW heating decreases by 14.6 Wm 2, and the LW cooling decreases by 1.7 Wm 2

from R to R1. This is related to the net increase of optically thick clouds (AAcR+AAsR=5.6%). A

similar change in clouds and radiative fluxes are also found from R to W except that cirrus

clouds over the warm pool also increase (AANR = 2.4 %). From R1 to R2, cloud amount does not

change significantly over the cold pool, so is the corresponding change of radiative fluxes at

TOA. Over the warm pool, all three types of clouds decrease from R1 to R2. This causes an

increase in both SW heating and LW cooling.

Table 5 Fractional area of clouds (%)
Warm Pool Cold Pool

AcR+ASR Am_ AcR+ASR ANR

R 32.6 61.3 4.1 43.7

R1-R 5.6 -1.9 -3.8 6.5

R2-RI -1.1 -I.1 0.1 0.8

W-R 1.7 2.4 -2.7 6.4
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6. CONCLUSIONAND DISCUSSION

In thisstudy,we investigatetheequilibriumstatesof thetropicalatmospherein different

surfaceforcingconditionsusinga2D versionof theGoddardCumulusEnsemble(GCE)Model.

Weperformexperimentsby integratingthemodeloveranoceandomainof 5120km with an

imposedmeanverticalmotionandidealizedSSTdistributionsof awarmpoolabout1588km

widein thecenterandacoldpool in therestof thedomain.Experimentsarecarriedoutby

varyingimposedSSTin warmpooland/orin coldpool.Foreachexperiment,themodelis

integratedfor 50-70daysto reachequilibrium.A meanascendingmotionoverthewarmpool

andadescendingmotionoverthecoldpoolaredevelopedin eachof thesimulations.As aresult,

theascendingbranchof thetropicalatmosphereis humidandthedescendingatmosphereis dry.

In theexperimentR,R1,andR2,thewarmpoolSSTarespecifiedat28.5°C,29.5°C,and

30.5°C,respectivelywhilethecoldpoolSSTisspecifiedat 26°C.Themostnotabledifference

amongthethreeexperimentsis thestrengthof equilibriumcirculationthatincreasesappreciably

asthewarmpool SSTchangesfrom 28.5°Cto 29.5°C,butremainsalmostunchangedasSST

changesfrom 29.5°Cto 30.5°C.Theequilibriumtemperaturein eachexperimentis relatedto the

imposedseasurfacetemperaturesuchthatawarmerSSTin thewarmpool leadsto warmer

temperatureoverthewarmpoolaswell asoverthecoldpool.But thehumidityis highly

dependenton thecirculationsuchthatthestrongerascendingatmosphereoverthewarmpool is

morehumidwhile thestrongerdescendingatmosphereoverthecoldpool isdrier.

Thedifferencesof equilibriumcirculationamongR, R1andR2is determinedbytheheat

budgetin thecoldpool thatisprimarily balancedbetweenradiativecoolingandadvective

wanning.Thesubsidencein thecoldpoolin turnaffectstheascendingmotionin thewarmpool.

Sinceradiativecoolingin thesubsidenceregimechangeslittle in all threeexperimentsdueto the
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slowvaryingclearskyoutgoinglongwaveradiationwith humidity,anenhancedsubsidence

warmingoverthecoldpool from Rto R1 is resultedfromincreasedsubsidencearea.FromR1 to

R2,subsidenceareafurtherexpandsinto thewarmpoolregionwhenthewarmpoolSSTexceeds

29.5°C.As aresult,subsidencewarmingiscappedby radiativecooling.

Theaboveresultsindicatethatradiativecoolingin thecoldpoolactsasaneffective

regulatoronthedevelopmentof cloudsandwatervaporasisevidentin thewatervaporand

cloudfeedbacksto theSSTperturbations.This isrevealedin thechangeof energyatthetopof

theatmosphere(TOA) in theexperiments.TheTOA energyis generallydominatedbythe

changein longwaveradiationwhile thechangein shortwaveradiationis largelycanceled

betweenthewarmpoolandcoldpool.Thechangeof longwaveradiationat TOA is largely

affected by cloud and water vapor greenhouse effect (CLW and Gelear) that is sensitive to the

change of 8SST. For 8SST<3.5°C, AcLw is about 8 Wm -2 and AGel_ is about -2 Wm -2 per degree

change of 8SST. The large value of ACLw is associated with increased total clouds in response to

enhanced mean upward motion over the warm pool due to more developing clouds (rain-

producing) than dissipating clouds and the reversed situation over the cold pool. For

8SST>3.5°C, clouds over the warm pool decrease with increasing SST, and the change in CLW is

much smaller and near cancel the effect of Gcl_. In the case of uniform warming so 8SST=0, the

model shows that AcLw and AGclear per degree change of SST is about the same, - 5 Wm -2.

Note that the above estimate only holds under the imposed constraints like the imposed

mean vertical motion. The result is also affected by limited domain size and idealized SST

distribution. One such consequence is the model warm pool is near 100% cloudy. As a result, the

model atmosphere over the warm pool is closer to the disturbed state of tropical atmosphere over

the warm pool. However, the regulation effect of radiative cooling on water vapor- and cloud-
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radiativeforcingprovidesausefulreferencefor assessingtropicalclimatechangesin natureor

climate models.

16



Figurecaption

Fig. 1 Time seriesof verticallyaveragedtemperature(a)andmoisture(b),andsurfacerainfall

rate(c) overthewarmpool (solidcurves)andcoldpool (dashedcurves)from R1.

Fig. 2 Time mean vertical profiles of vertical velocity during the period of Day 40 to 50 over

the warm pool (thick solid), cold pool (dashed), and the whole domain (thin solid) from

R1. Unit is cm s "_.

Fig. 3 Time-mean heat budgets averaged over the warm pool (a) and over the cold pool (b) and

the time mean moisture budget over the cold pool (c) from R1. Note that the scale of

condensation heating and vertical advection are 10 times larger than the other two terms

in (a)

Fig. 4 Snap shot of (a) total cloud content, qc, (b) perturbation water vapor mixing ratio, qv', and

(c) zonal wind, u at Day 40 from R1. In the above figures, areas ofqc > 10 -3 g kg "1and

positive qv' and u are shaded. Contour interval of qc qv', and u are, respectively, 0.02 g kg"

J starting at 0.01 g kg "_, 2 g kg "1starting at +1 g kg "j, and 2 m sx.

Fig. 5 Vertical profiles of difference of%T, Lqv, and w between R1-R (upper) and R2-R1

(lower) averaged over the warm pool and cold pool. Units of cpT and Lq_ are jg-1, w is

cm s"1.

Fig. 6 Vertical profiles of difference of heat budget between R1-R (upper) and R2-R1 (lower).
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